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ABSTRACT
The potential benefits of artificial inoculation with arbuscular mycorrhizal fungi (AMF) for lyme 
grass seedling establishment were tested in combination with varying fertilizer and seed rates in a 
long term revegetation study in two sandy deserts in Iceland. Fertilizer inputs proved more effective 
than other treatment variables in increasing vegetative growth, flowering and sand accretion of lyme 
grass seedlings. For this, re-fertilization was more important than the initial dose. AMF inoculation 
initially improved seedling growth but after the first year the effects became neutral or negative. 
While fertilization generally reduced AMF colonization, the negative effects of inoculation on lyme 
grass were enhanced by fertilization. Larger seed doses raised inter- and intraspecific competition, 
decreasing lyme grass vegetative regeneration and associate vegetation. Based on the current results, 
the application of AMF inoculation cannot be recommended for lyme grass establishment at the 
present. However, low seed rates (≤50 seeds m-2) and low initial fertilizer doses (≤10 g m-2) in 
combination with moderate re-fertilization application rates for a few years are apparently economical 
for the establishment of lyme grass for revegetation projects.

Keywords: Lyme grass, seedling establishment, AMF inoculation, fertilization, seed rate, flowering, sand 
accretion.

YFIRLIT
Svepprótasmitun, áburðar- og fræskammtar hafa áhrif á vöxt og þroska melgresis á tveimur sandsvæðum á 
Íslandi
Möguleg hagnýting innrænna sveppróta til að auðvelda ræktun melgresis var könnuð í langtíma smittilraunum 
á tveimur sandsvæðum. Mismunandi áburðar- og fræskammtar voru jafnframt prófaðir. Áburður jók vöxt, 
blómgun og sandsöfnun melgresis meira en aðrar meðferðir, og hafði enduráburðargjöf meiri áhrif en stærð 
upphafsskammta af áburði. Svepprótasmitun jók í fyrstu vöxt fræplantna en strax á öðru ári urðu áhrifin neikvæð 
eða hlutlaus. Þótt áburðargjöf drægi almennt úr myndun sveppróta, þá jukust neikvæð áhrif smitunar við aukna 
áburðargjöf. Samkeppni jókst með auknu sáðmagni, sem dró úr kynlausri fjölgun melgresis og vexti annars 
gróðurs. Þessar niðurstöður mæla gegn notkun svepprótasmits við að koma melgresisplöntum á legg. Hins vegar 
virðist hagkvæmt að nota litla fræskammta (≤50 fræ m-2) og litla upphafsskammta af áburði (≤10 g m-2) við 
ræktun melgresis ásamt hóflegri enduráburðargjöf í nokkur ár eftir sáningu.
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INTRODUCTION
Sandy deserts and other eroded landscapes cover 
around 40,000 km2 in Iceland (Arnalds 2010). 
To protect communities and transportation from 
drifting sands, and for ecosystem rehabilitation, 
a few thousand hectares of derelict land are 
seeded and fertilized annually. One of the 
main species used for this purpose is the dune-
building North European perennial lyme grass 
Leymus arenarius L (Greipsson & Davy 1994). 
Lyme grass is efficient in trapping drifting sand 
within its rigid leaves. It continuously forms 
new tillers that are its main mode of regeneration 
within dunes (Greipsson & Davy 1994). The 
seed for artificial lyme grass establishment is 
mechanically collected from wild populations, 
and after threshing and rinsing, it is coated 
with silt dust before sowing. To ensure seedling 
establishment and to accelerate seedling 
growth, seed drilling is applied and seedlings 
subsequently fertilized once a year for a few 
years (Greipsson & Davy 1997). The growth and 
sexual reproduction of lyme grass in Icelandic 
deserts is mostly limited by the nutrients N and 
P, but can also be limited by N alone (Greipsson 
& Davy 1997). Seedling tiller density and size 
is increased by fertilizer application along with 
seed yields and seed quality (Greipsson & Davy 
1997). High N and P fertilization rates can also 
shorten the time for lyme grass to reach sexual 
maturity down to four summers after sowing in 
the field (Greipsson & Davy 1997).

Environments with low plant cover, active 
erosion processes and poor water and nutrient 
availability are sometimes predominated by 
non-mycorrhizal plants (Cakan & Karatas 2006, 
Cázares et al. 2005, Oehl, et al. 2011). These 
plants are adapted to take advantage of limited 
soil resources, using root hairs or specialized 
root structures for nutrient uptake instead of 
employing mycorrhizal fungi (Bates and Lynch 
2001, Miller 2005). In some cases, however, 
plants that normally form mycorrhizae may be 
un-colonized by fungi or may have difficulty 
in becoming established due to complications 
associated with the dispersal of two separate 
individuals that need to cooperate at a fresh site 
(Yamauchi, et al. 2009, Harris 2009).

As a result, facultative mycotrophic plants 
have a vital role during primary succession 
and provide an opportunity for the arrival 
of mutualistic fungi, which, in turn, make it 
possible for obligatorily mycotrophic plants 
to become established (Cázares et al. 2005, 
Kikvidze et al. 2010).

Mycorrhizae are normally the principal 
organs for soil-plant interactions and can 
reduce the cost of plants for water and nutrient 
acquisition (Smith & Read 2008). Arbuscular 
mycorrhiza (AM) is globally the most common 
type of mycorrhizae, estimated to be associated 
with 74% of all plant species (van der Heijden 
et al. 2015). AM is often present at the early start 
of primary succession, being infrequent and 
perhaps inconsequential at first but later having 
a dominating influence on plant development 
(Kikvidze et al. 2010). Like other types of 
mycorrhizae, AM fungi (AMF) can reach a 
larger volume of soil than un-colonized roots 
and provide a better access to slowly soluble 
forms of soil nutrients, particularly P (Smith & 
Read 2008), but also organic soil N (Hodge & 
Storer 2015). AMF, like many other mutualistic 
rhizosphere organisms, furthermore reduce 
biotic stress of plants, improving protection 
against pathogens, pests and parasitic plants 
(Jung et al. 2012). Extramatrical mycelium 
networks created by mycorrhizal fungi may 
constitute a significant part of the soil microbial 
biomass and functioning (Leake et al. 2004). 
By linking plants together, these networks can 
facilitate the allocation of mineral nutrients 
and carbon, and influence the development of 
vegetation communities (Bever et al. 2010, 
Kernaghan 2005, Simard & Durall 2004, van 
der Heijden & Horton 2009).

AMF inoculation is generally considered 
to be effective in facilitating artificial plant 
establishment in degraded environments 
(Harris 2009). Although AMF are an important 
component of the soil biota for ecosystem 
rehabilitation, responses of pioneer plants to 
artificial inoculation are very variable and 
depend on plant and fungal species and are 
subject to the physical, biological and chemical 
plant environment (Johnsson et al. 1997, Corkidi 
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& Rincón 1997, Busby et al. 2011, Herrera-
Peraza et al. 2011, Hoeksema et al. 2010). The 
application of fungal species and strains that 
fit individual plant species and are adapted to 
particular environments generally gives better 
results than commercial inocula (Maltz & 
Trester 2015, Klironomos 2003, Requena et al. 
2001, Pellegrino et al. 2011).

Unvegetated sandy deserts in Iceland contain 
very few propagules of arbuscular mycorrhizal 
fungi AMF, but desert vegetation patches may 
often contain AMF spores and mycorrhizae 
(Greipsson & El-Mayas 2000). Lyme grass is 
usually found at a young age without mycorrhiza 
but forms arbuscular mycorrhiza some years 
after seedling establishment (Greipsson & El-
Mayas 2000, Greipsson et al. 2002). As lyme 
grass grows older, AMF propagule density 
increases and considerable species richness of 
AMF communities develops (Greipsson et al. 
2002). Greipsson & El-Mayas (2000) found no 
AMF in 5 year old seeded lyme grass, but four 
and six AMF species were found in 10 year old 
seeded lyme grass and an older natural dune, 
respectively. Glomus hoi was the most frequent 
AMF species found in lyme grass dunes but also 
found were G. clarum and unidentified AMF 
taxa that belonged to the genera Acaulospora, 
Entrophospora, Glomus and Scutellospora 
(Greipsson et al. 2002).

Research on the application of AMF 
inoculum has mainly involved the establishment 
of lyme grass (Leymus arenarius) for ecosystem 
rehabilitation activities. These experiments 
have shown that young lyme grass seedlings 
can respond responsively to AMF inoculation. 
Enkhtuya et al. (2003) showed that survival 
and growth of first year lyme grass seedlings 
in Icelandic deserts was enhanced by AMF 
inoculation and Greipsson and El-Mayas 
(2000) found a similar mycorrhizal benefit in 
a pot study. These encouraging results led to 
the establishment of a large field experiment 
to help realize the potential benefits of AMF 
inoculation in lyme grass field establishment and 
to investigate if other inputs and costs could be 
reduced. For artificial lyme grass establishment, 
seed collection and handling are the main costs 

(Greipsson & Davy 1997), but fertilization 
applications are also expensive. 

The primary objective of the present study 
was to investigate if AMF inoculation can hasten 
the establishment, growth and reproduction of 
lyme grass seedlings and thereby reduce the 
need of fertilizer and seed inputs in revegetation 
projects. 

MATERIAL AND METHODS
Field experiments involving lyme grass seedling 
establishment were laid out at two sandy 
desert areas in Southern Iceland, a costal and 
an inland site (Figure 1). Four main treatment 
variables were tested in the experiment: AMF 
inoculation, initial fertilizer doses, seed rates 
and re-fertilization (Table 1).

Lyme grass seed
Seeds of lyme grass from a local source were 
provided by the Soil Conservation Service, 
Gunnarsholt, Iceland, coated with silt dust to 
increase the specific density and to even out the 
seed surface to facilitate passage through a drill 
machine. At the coastal site (Figure 1) two seed 
rates were tested, 3.8 and 7.6 g m-2; the latter is 
a normal rate of coated seeds. The seed stock 
had around a 75% germination rate which meant 
that the seed doses contained around 50 and 100 
viable seeds m-2 (Table 1). At the inland site the 
seed rate was fixed at the higher seed rate, 7.6 

Figure 1. The locations of the two study sites within 
Iceland; the inland site Árskógar and the coastal site 
Mýrdalssandur.
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g m-2, or around 100 viable seeds m-2 (Table 1).

Inoculum
The inoculum tested was a commercial AMF 
inoculum, TerraVital-D (Plantworks Ltd. 
Sittingbourne, UK) and contained five AMF 
isolates: Rhizophagus iregularis (syn. Glomus 
intraradices) BEG98, G. mosseae BEG25, G. hoi 
IS1, G. geosporum BEG11 and G. claroideum 
IS4. The G. hoi and G. claroideum isolates were 
obtained from spores in lyme grass dunes in 
Iceland (Greipsson et al. 2002). The TerraVital-D 
product contained an optimized mixture (5% 
of weight) of slow-release fertilizers: natural 
humates, seaweed extract and serpentinite. At 
both sites the inoculum was tested at different 
application levels (Table 1); at the coastal site 
the levels were two, 12 and 24 g m-2 (the latter 
was the dose of inoculum recommended by the 
inoculum producer) along with an un-inoculated 
control. The same levels and an un-inoculated 
control were also used at the inland site along 
with the third inoculum dose of 36 g m-2. The 
inoculum was added once during the sowing of 
the experiment (see Experimental design and 
establishment procedure). 

Initial fertilization
For the initial fertilizer treatment during 
sowing a granulated NP fertilizer, Fjölmóði 2 
(Áburðarverksmiðjan, Reykjavík, Iceland), was 
applied, which contained 23% N and 5.2% P. 
At the coastal site two levels of this fertilizer 
were tested, 10 and 20 g m-2, the latter being the 
normal dose used for lyme grass sowings (Table 
1). The lower dose equaled 2.3 g N m-2 and 0.5 g 
P m-2 and the higher dose 4.6 g N m-2 and 1.0 g P 

m-2. At the inland site, the same fertilizer levels 
were applied plus an unfertilized control (Table 
1).

 
Experimental design and establishment 
procedure
A full factorial experiment was laid out at both 
sites. The size of treatment units (plots) was 
around 5 x 30 m or 150 m2. The minimum 
distance between plots was 5 m. The 12 plots at 
both sites were randomly distributed within each 
of five blocks. In total, 60 plots were seeded at 
each site. After dividing each plot in two in the 
2nd summer for re-fertilization purposes, the 
total number of subplots was 120 at each site. 
The experiment at the coastal site was seeded on 
16 May and at the inland site on 16 June 2003.

For seeding the experiments, a tractor driven 
drill-machine, modified for difficult terrain for 
large-scale revegetation purposes, was provided 
by the Soil Conservation Service, Iceland. 
The drill machine had two containers, one for 
the lyme grass seeds and one for the fertilizer. 
Prior to sowing of each appropriate treatment, 
the AMF inoculum dose was mixed with the 
granulated fertilizer dose and the drill machine 
seed and inoculum-fertilizer outputs adjusted 
to scheduled rates. The lyme grass seeds were 
drill-seeded to a depth of approximately 5 cm 
and the fertilizer or the inoculum-fertilizer 
mixture placed around 1-2 cm below the seed 
furrow.

Re-fertilization
To examine the effects of repeated fertilization, 
the 150 m2 plots were split across in two 
subplots equal in size and either one chosen 

Table 1. Range of study treatments (independent variables) at the two sites.

Study sites Initial fertilizer 
doses

Inoculum 
doses

Seed 
rates

Re-fertilization in the 
2nd and 3rd summers

Inland site 3 treatments 4 treatments 1 treatment 2 treatments
0, 10 & 20 g m-2 0, 12, 24 & 36 g m-2 100 viable seeds m-2 0 & 20 g m-2 y-1

Coastal site 2 treatments 3 treatments 2 treatments 2 treatments
10 & 20 g m-2 0, 12 & 24 g m-2 50 and 100 viable seeds m-2 0 & 20 g m-2 y-1
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randomly for re-fertilization and the other 
subplots left unfertilized. The re-fertilization 
was done in June in the 2nd and 3rd summers after 
sowing and the dose was 20 g m-2 y-1 (Table 1). 
In the 2nd summer the NP fertilizer Fjölmóði 
2 (23% N, 5.2% P) was applied, but in the 3rd 
year a NPK fertilizer Fjölgræðir 7 was used 
(Áburðarverksmiðjan, Reykjavík, Iceland), 
containing 22% N, 6.1% P, 7.5% K, 1.6 % Ca 
and 2% S. In the 2nd summer this equaled 4.6 g 
N m-2 and 1.0 kg P m-2 and in the 3rd summer 4.4 
g N m-2 and 1.2 g P m-2.

Sites
The coastal study site was situated in the middle 
of the glacio-fluvial area Mýrdalssandur which 
covers 700 km2 of the south coast of Iceland 
(Figure 1). It has been formed by reoccurring 
flood events in past centuries, the largest having 
a peak flow rate of 300,000 m3 s-1 (Thordarson 
& Larsen 2007), during volcanic eruptions 
under the Mýrdalsjökull glacier. In addition, 
glacial rivers and smaller floods continuously 
deposit silt and sand in the area, which provides 
a constant source of drifting sand.

The inland study site lies in the eroded 
volcanic area of Árskógar, covering around 100 
km2 near Mt Hekla volcano (Figure 1). The area 
was previously covered with birch woodland 
and fertile Andosols, but following the loss of 
woodland cover due to human activities in past 
centuries, large scale erosion converted the area 
largely into a desert. Exposed lava outcrops often 
overlain with fresh pumice and ash from resent 
volcanic eruptions in Mt Hekla (Thordarson 
& Larsen 2007) cover the landscape and are a 
source of drifting sand.

The sites chosen for the experiments were 
flat unsheltered sand-terrain, fluvial in origin, 
with less than 1% plant cover. In Iceland, sandy 
areas are generally glacio-fluvial and volcanic 
in origin and mostly consist of black basaltic 
volcanic glass (Arnalds et al. 2001). Unvegetated 
sands contain very low amounts of N (<0.1 g kg-1)
due to lack of organic matter and are low in 
available P, enhanced by high P-retention of soil 
colloids (Arnalds & Kimble 2001).

The coastal study area has a coastal climate 

type Cfc (Peel et al. 2007), where the annual mean 
temperature is around 5°C, and January and July 
around 1°C and 12°C, respectively (estimated 
from the nearest weather stations; Icelandic 
Meteorological Office 2015). Precipitation is 
evenly distributed throughout the year, around 
2000 mm y-1 (Icelandic Meteorological Office 
2015). In contrast, the inland study area falls in 
between two climate groups; a coastal climate 
type Dfc and tundra climate ET (Peel et al. 
2007), where the annual mean temperature 
is around 2°C, and January and July around 
-3°C and 10°C, respectively (estimated 
from the nearest weather stations; Icelandic 
Meteorological Office 2015). Precipitation is 
evenly distributed throughout the year, around 
1000 mm y-1 (Icelandic Meteorological Office 
2015).

Some sections of both study areas have been 
subject to intensive revegetation activities in 
past decades, including large scale areal and 
ground sowing and fertilization (Aradottir 2007; 
Gunnarsson & Indridadottir 2009).

Harvest and evaluation
Lyme grass plant density (number of plants 
per area) and plant above-ground yield (dry 
weight per area) were evaluated in August-
September for the first three summers after 
sowing, in 2003-2005, at the coastal site, but 
for the first two summers at the inland site. 
For this, three 0.25 m2 squares were selected 
randomly within each 75 m2 subplot and all 
plants counted and harvested. Above-ground 
yield of associate vegetation within the squares 
was also simultaneously harvested. New lyme 
grass tillers were counted annually for the first 
two summers at both sites to evaluate the rate of 
vegetative regeneration, but otherwise included 
in the total number of plants. Average individual 
plant size was derived from plant density and 
above-ground yield. Above-ground parts of 
lyme grass and associate vegetation were dried 
at 70°C to a constant weight and weighed to the 
nearest milligram. The occurrences and density 
of flower spikes were monitored throughout 
the study period. In the 11th summer after 
establishment (2013), lyme grass plant height 
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and density, cover of lyme grass plants and 
associate vegetation, and the height of sand 
accretion were measured. 

In the 2nd summer after sowing, root samples 
were taken at random from three excavated 
seedlings in each subplot from around 20% of 
all subplots at the coastal site to estimate root 
fungal colonization. In the 3rd summer, root 
samples were also collected from three randomly 
chosen plants at all subplots in two blocks at 
the inland site and from all subplots in all five 
blocks at the coastal site. Root samples within 
a subplot were combined to make one sample. 
Sampling was done in August-September. The 
root samples were preserved in 70% ethanol. 
Before examination, the roots were carefully 
rinsed with tap water, and cleared in 10% KOH 
and then stained with 1% Parker Quink Ink 
in lactoglycerol (Vierheilig et al. 1998). Root 
subsamples (total root length >25 cm) taken 
at random from the original samples, were 
mounted on glass slides and examined under a 
compound microscope at x 200 magnification. 
Quantification of AMF colonization, AMF 
arbuscules and vesicles was done on randomly 
selected slide positions according to McGonigle 
(1990) with a minimum of 100 root intersections. 
The AMF parameters are expressed per root 
length. The occurrence of other fungi was also 
registered in the same manner.

Statistical analysis
To study effects of independent variables on 
response parameters for both experiments, a 
factorial ANOVA was applied. Up to three-way 
interactions were included in the model for plant 
and fungal parameters plus the main effects of 
blocks in the experiments. The following model 
was used:

Yijklr = µ + ai + bj + ck + dl + er + (ab)ij + (ac)ik + 
(ad)il + (bc)jk + (bd)jl + (cd)kl + (abc)ijk + (abd)ijl + 
(acd)ikl +(bcd)jkl + εijklr, 

where:
Yijklr is response variable jiklr
µ is variable mean
ai is fertilizer effect at i levels

bj is AMF inoculum effect at i levels
ck is seed effect at i levels
dl is re-fertilization effect at l levels
er is block effect (random effect at five levels, r)
(ab)ij + (ac)ik + (ad)il + (bc)jk + (bd)jl + (cd)kl are 
second order treatment interactions
(abc)ijk + (abd)ijl + (acd)ikl +(bcd)jkl are third order 
treatment interactions and
εijklr error term of variable response.

The model for the inland site did not contain 
the effect c, as seed rates were fixed at this 
site. Tukey’s HSD test and Least Squares 
Means were used to find significant main and 
interaction effects, respectively.

Principal component analysis was used to 
calculate eigenvalues of treatment effects and 
response variables. Also included for the inland 
site in the 3rd summer was the AMF colonization. 
The results were used to estimate the temporal 
changes and relative organization in eigenvalues 
throughout the course of the experiment. 

Statistical analyses were done by SAS 9.2 
for Windows (SAS Institute Inc. 2002-2008).

RESULTS
Early effects of initial treatments
Inland site. In the 1st summer at the inland 
site, all response variables were significantly 
explained by the model for treatment variables 
at the time of sowing but in the 2nd summer 
only variation in lyme grass plant density and 
associate vegetation yield were significantly 
explained (Table 2). In the 1st summer, 
most lyme grass parameters were positively 
influenced by the main effects of fertilization 
and inoculation, but in the 2nd summer, only 
fertilization had significant effects. Due to the 
presence of control plots without fertilizer at 
this site, fertilization effects were particularly 
apparent for lyme grass yield, plant size and 
vegetative regeneration (Table 2). In the 1st 
summer, the difference between unfertilized 
plants and those receiving the lower fertilizer 
dose was around fivefold for plant size and 
yield (Figure 2a). No vegetative regeneration 
occurred in the 1st summer without fertilizer. In 
the 2nd summer, the difference in yield (Figure 
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2a), plant size and vegetation regeneration was 
around 6-7 fold between unfertilized plants and 
those receiving the lower fertilizer dose. The 
responses of plant density were less pronounced 
(Table 2). The high fertilizer dose produced 
29% higher density in the 1st summer than for 
unfertilized plants (Figure 2b).

Plants receiving the highest inoculum dose 
in the 1st summer had a 32% higher yield than 
un-inoculated plants (not shown). In the 1st 
summer, the interaction between inoculation 
and fertilization (Table 2) showed that high 
levels of both types of input stimulated 
vegetative regeneration, reaching 0.09 tillers 
per seedling. In the 2nd summer inoculation 
amplified vegetative regeneration to around 
0.34 tillers per seedling at the 20 g m-2 fertilizer 
level, while plants receiving 10 g m-2 fertilizer 
were negatively affected by the largest inoculum 
doses (Figure 3). Similarly, plant size in the 1st 
summer was only affected by inoculum doses 
at the 10 g m-2 fertilizer level, where the lowest 
inoculum dose, 12.5 g m-2, produced larger plants 
than other inoculum treatments (not shown). 
Furthermore, the two largest inoculum doses 
produced 24% and 32% higher plant densities 
in the 1st and 2nd summers, respectively, than that 
of un-inoculated plants.

Associated vegetation 
also responded positively 
to fertilization in the 1st 
summer (Table 2), reaching 
0.21 g m-2 with ample 
fertilizer (not shown). 
Associate vegetation also 
grew better with the highest 
inoculum dose than with 
the second highest dose. 
The highest fertilizer dose 
and the highest inoculum 
dose combined encouraged 
growth of associate 
vegetation, to a maximum of 
0.40 g m-2, while inoculum 
had less effect at a lower 
fertilizer dose. The most 
common plant species at the 
inland site were: Agrostis 
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stolonifera L., Festuca richardsonii Hooker, 
Rumex acetosella L. and Silene uniflora A. 
Roth. Other plant species found at the site 
were: Calamagrostis stricta (Timm.) Koeler, 
Cardaminopsis petraea (L.) Hiit., Deschampsia 
beringensis Hult and Rumex acetosa L.

Coastal site. At the coastal site, treatment 
variables at the time of sowing were influential 
of most lyme grass parameters for the first two 
summers (Table 3). The influences of inoculum 
and seed doses were greatest in the 1st summer 
but the initial fertilizer was effective for the first 
two summers (Table 3).

In the 1st, 2nd and 3rd summers, doubling of the 
initial fertilizer dose increased yield by around 
22%, 43% and 23%, respectively (Figure 4a). 
The larger inoculum dose more than doubled 
yield in the 1st summer, compared to that of 
un-inoculated plants, but in the 2nd summer the 
effects of inoculation became strongly negative 
and then neutral in the 3rd summer (Figure 4b). 
Doubling of seed rate increased yield by around 
28% in the 1st summer (Figure 4c). At the higher 
seed rate, the positive effects of inoculation 
on yield were escalated in the 1st summer, as 
indicated by the significant interaction between 
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these variables (Table 3). Furthermore, the three-
way interaction between fertilizer, inoculum and 
seed rate (Table 3) showed that the highest doses 
of all variables resulted in the highest yield, 
20.3 g m-2 (not shown). In the 2nd summer, the 
interaction between fertilization and inoculation 
(Table 3) showed that the increase in yield due 
to a larger fertilizer dose was only realized with 
un-inoculated plants, where yield reached 48.5 
g m-2 (Figure 5a).

Doubling of fertilizer influenced plant 
density in the 2nd summer, increasing it by 19% 
(Figure 4d). Inoculation, however, affected 
plant density in the 1st summer, increasing 
plant density by around 50% regardless of 
inoculum dose (Figure 4e). Doubling the seed 
rate increased it by 36% and 26% in the 1st and 
2nd summers, respectively (Figure 4f). In the 1st 
summer, variable interactions (Table 3) showed 
that the positive response in plant density to 

inoculation was enhanced at the higher fertilizer 
and seed rate, reaching 59.9 and 67.5 plants m-2, 
respectively (not shown).

In the 1st summer, inoculation increased 
plant size by around 50%, regardless of 
inoculum dose, and doubling of fertilizer 
increased plant size by 31% (not shown). At the 
same time, average plant size was greatest 0.37 
g in treatments receiving the larger fertilizer and 
larger seed dose at the lower inoculum level, as 
indicated by the three-way interaction between 
these variables (Table 3). In the 2nd summer, 
plants receiving the larger inoculum dose were 
24% smaller than un-inoculated plants, while 
plants receiving the larger initial fertilizer dose 
were 19% larger (not shown). The increase in 
plant size due to the larger fertilizer dose was, 
however, only apparent in un-inoculated plants, 
as indicated by the interaction between fertilizer 
and inoculum in the 2nd and 3rd summers (not 
shown). In the 3rd summer, initial fertilization 
still had a positive effect on plant size (not 
shown). At the same time, the three way 
interaction between fertilizer, inoculum and 
seed rate (Table 3) revealed that the positive 
effect on plant size of a larger fertilizer dose was 
only significant with un-inoculated plants and 
the larger seed dose (not shown).

Lyme grass vegetative regeneration was 
low in the 1st summer, but was stimulated by 
inoculation and reduced by a higher seed rate 
(Figures 4g, h & i). The interaction between 
inoculum and seed rate in the 1st summer (Table 
3) produced the highest rate of 0.05 tillers per 
seedling with high inoculum and low seed dose 
(not shown). In the 2nd summer, inoculation 
and high seed rate generally reduced vegetative 
regeneration (Figures 4h & i). At the same 
time, vegetative regeneration was significantly 
increased by a larger fertilizer dose (Figure 
4g). The interaction between fertilization and 
inoculation (Table 3) revealed that this response 
was only realized among un-inoculated plants, 
where the regeneration rose to 2.4 tillers per 
seedling with ample fertilizer (Figure 5b).

At the coastal site the most common plant 
species were: A. stolonifera, C. petraea, 
Honckenya peploides (L.) Ehrh., R. acetosella 
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and S. uniflora. Other plant species found at 
the site were: Carex maritima Gunn., Plantago 
maritima L. and R. acetosa. In the 1st summer, 
the associate vegetation was reduced by 
increasing seed rate, from 2.0 to 0.01 g m-2 (not 
shown).

Early effects of re-fertilization
In the 2nd summer, repeated fertilization became 
the main factor controlling lyme grass parameters 
and the growth of associate vegetation (Table 2 
& 3). The response was greater at the coastal 
site than at the inland site (Table 2 & 3, Figures 
6a-f).

At the inland site lyme grass yield, plant size 
and vegetative regeneration rose by 90%, 66% 
and 100%, respectively, due to re-fertilization 
(Figures 6a-c). The interaction between initial 
fertilization and re-fertilization (Table 2) was 
synergistic as greater lyme grass yield was 
attained with a large initial fertilizer dose and 
re-fertilization, reaching 32.6 g m-2 in the 2nd 
summer (not shown). 

At the coastal site in the 2nd summer, 
lyme grass yield rose by 164% due to re-
fertilization (Figure 6d). At the same time, plant 
density (Figure 6e), plant size and vegetative 
regeneration rose by 16%, 128% and 50%, 
respectively, and associate vegetation more 
than doubled (Figure 6f). In the 3rd summer, 
yield (Figure 6d), plant density (Figure 6e) and 
plant size shrank from the previous summer in 
plots without re-fertilization. Therefore, in the 
3rd summer, the difference between plants with 
and without re-fertilization grew to 550%, 57% 
and 319% for yield (Figure 6d), plant density 
(Figure 6e) and plants size, respectively. In 
the 3rd summer, the three-way interaction of 
initial fertilizer, inoculum and re-fertilization 
(Table 3) showed that plant size in re-fertilized 
plots at the lower initial fertilizer level was 
greater with 12 g m-2 inoculum dose than other 
inoculum treatments. However, the 12 g m-2 
inoculum dose produced smaller plants than 
other inoculum treatments at the higher initial 
fertilizer level (not shown). Another three-way 
interaction between inoculum, seed rate and re-
fertilization (Table 3) revealed that the negative 
effect of higher seed rate on plant size was only 
evident in re-fertilized plots that received the 
highest inoculum dose (not shown).

Mycorrhizal colonization
In the 2nd summer at the inland site, AMF 
colonization of lyme grass averaged 7.1% of 
root length and was negatively affected by the 
high initial fertilizer level, which lowered the 
colonization rate by more than a half compared 
to other treatments (Figure 7a). At the same 
time, interactions involving initial fertilizer, 
inoculum and re-fertilization (Table 2) showed 
that re-fertilization had positive effects on AMF 
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colonization at the moderate initial fertilizer 
level (Figure 8a) and among re-fertilized 
plants the lowest inoculum dose lowered AMF 
colonization compared to un-inoculated plants 
(Figure 8b).

A sporadic occurrence of arbuscules, 0% 
- 1.5% of root length, at the inland site was 
also dependent on variable interactions (Table 
2). More arbuscules were found among un-
inoculated plants than those receiving the lowest 
inoculum dose at the moderate initial fertilizer 
dose, and more arbuscules were found among 
re-fertilized plants than without re-fertilization.

At the coastal site, the average AMF 

colonization was around 17.8% in the 2nd 
summer but decreased in the 3rd summer to 
4.8%. No variables significantly influenced 
AMF colonization, but arbuscule and vesicle 
numbers were influenced by input variables 
(Table 3). Arbuscule numbers in the 2nd summer 
rose around elevenfold, to 5.7% of root length, 
at the lower inoculum level as compared to un-
inoculated plants (Figure 7b) and rose sixfold 
by doubling of initial fertilizer. Re-fertilization, 
however, negatively interacted with initial 
fertilizer (Table 3) and the highest arbuscule 
numbers, 7.4% of root length, were found in 
plants that were not re-fertilized and had received 
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a high initial fertilizer dose (not shown). Vesicle 
numbers in the 3rd summer were influenced by 
inoculation and seed rates (Table 3). Inoculation 
increased by twenty times the occurrence of AM 
vesicles, regardless of inoculum dose (Figure 
7c), while doubling of seed numbers tripled AM 
vesicle formation (Figure 7d).

Dark septate endophytes were found in 1.8% 
and 3.3% of root length at the inland and coastal 
sites, respectively, and were not influenced by 
treatment variables.

Parameters of matured lyme grass
In the 11th summer, re-fertilization still had a 
predominant effect on lyme grass parameters, 
but treatments at the time of sowing were much 
less influential (Table 2 & 3). At both the inland 
and coastal sites, re-fertilization influenced all 
parameters (Table 2 & 3); re-fertilized plants 
at both sites were around 30% higher than 
plants without re-fertilization (Figure 9a), the 
densities of re-fertilized plants at the inland 
and coastal sites were around 2.7 and 4.0 times 
higher, respectively (Figure 9b), and lyme grass 
plant cover at the inland and coastal sites was 
around 2.6 and 5.7 times higher, respectively 
(not shown). Furthermore, sand accretion in 
re-fertilized plots at the inland and coastal sites 
was around 8.0 and 70.1 times higher than 
without re-fertilization, respectively (Figure 
9c). At the inland site, destruction of study plots, 
where all seedlings were lost during winter 
floods, was also influenced by re-fertilization 
(Table 2); around 62% more plots endured with 
than without re-fertilization (Figure 9d). Less 
associate vegetation grew in re-fertilized plots; 
its cover was 86% and 44% less at the inland 
and coastal sites, respectively, than in plots 
without re-fertilization (Figure 9e). Flower 
spike formation in the 11th summer at the inland 
site was 5.0 times higher with re-fertilization 
(Figure 9f). The first flower spikes were 
detected in the 7th summer after sowing but the 
variation in onset time of flowering could not be 
explained by treatment variables. No flowering 
was detected at the coastal site. 

At the inland site in the 11th summer, the 
positive effects of fertilization at the time of 

sowing were still evident on lyme grass plant 
density and sand accretion (Table 2). These 
parameters were around three and ten times 
higher, respectively, at the highest fertilizer dose 
than without initial fertilizer (Figures 10a & b). 
Initial fertilization was even more important 
than re-fertilization, preventing the loss of plots 
caused by poor seedling survival. Around three 
times more plots endured when fertilizer was 
initially applied (Figure 10c).

At the inland site, the interaction between 
re-fertilization and initial fertilization was also 
synergistic for plant density and sand accretion 
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(Table 2). In plots without re-fertilization, sand 
accretion was only present in initially fertilized 
plots, regardless of amount, but in re-fertilized 
plots, initial fertilization dose had a greater 
influence on sand accretion, which reached 40 
cm in plots receiving the greatest amount of total 
fertilizer (not shown). Plant density also showed 
a very similar pattern; it was lowest (1.8 plants 
m2) among plants not receiving any fertilizer 
but rose to 27.6 plants m-2 with the higher initial 
fertilizer dose combined with re-fertilization. 

Associate vegetation cover was influenced 
by the interaction between initial fertilization 
and inoculation at the inland site (Table 2), 
where the highest cover, 0.6%, was attained at 
a high inoculum level without initially applied 
fertilizer (not shown).

At the coastal site (Table 3), doubling of 
the initial fertilizer dose raised sand accretion 

by 20% (not shown). Initial fertilizer and 
re-fertilization showed a weak synergistic 
interaction for sand accretion, where most sand, 
19 cm thick, accumulated on plots receiving the 
greatest amount of total fertilizer. Inoculation, 
however, reduced plant density by 10%, as 
compared to un-inoculated plants, regardless of 
inoculum dose. Furthermore, doubling of seed 
rate increased plant density by 10%, but reduced 
associate vegetation by 25%.

While plant height at the coastal site (Table 
3) was unaffected by inoculation in plots without 
re-fertilization, the height of re-fertilized plants 
receiving the moderate inoculum dose was 8% 
lower than un-inoculated plants (Figure 11). 
Associate vegetation grew best without re-
fertilization in combination with a low seed rate 
(Table 3), but was reduced by a combination of 
re-fertilization and a high initial fertilizer dose.

Comparison of principal component 
evolution revealed strong temporal changes of 
treatment effects and variable responses in the 
experiment (Figure 12a & b). While all lyme 
grass parameters showed a rather close affinity 
throughout the study period, the proximity 
was closest in the 11th summer (Figure 12a & 
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b). Initial fertilization was closely allied to 
certain lyme grass parameters in the 1st summer, 
particularly to lyme grass yield, plant size and 

vegetative regeneration at the inland site, but 
rapidly departed from these in the following 
years (Figure 12a & b). Similarly, inoculation 
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started off in close proximity to lyme grass 
yield, plant size and vegetative regeneration at 
the coastal site but became distinct from lyme 
grass parameters in the 2nd summer (Figure 
12b). In the 11th summer, the coordinates for re-
fertilization were approximating those for lyme 
grass parameters, particularly at the coastal 
site, but other treatment variables remained 
dissimilar (Figure 12b). The coordinates for 
associate vegetation were different from other 
variables throughout the study time (Figure 12a 
& b). AMF colonization in the 3rd summer at the 
coastal site was distinct from other lyme grass 
parameters, but simultaneously approximated 
the inoculation variable and associate vegetation 
coordinates (Figure 12b). 

DISCUSSION
Inputs of resources for artificial seedling 
establishment strongly influence the outcomes 
of revegetation activities (Whisenant 1999). The 
most limiting factor for plant growth is usually 
the availability of soil nutrients, particularly N 
and P (Koide & Dickie 2002). Hence nutrient 
inputs normally dominate seedling responses in 
nutrient deficient soils.

The present study showed that fertilizer 
inputs during lyme grass seedling establishment 
were crucial in achieving the primary aims 
of improving ecosystem services. First and 
foremost, N and P inputs are essential for lyme 
grass seedling survival as seen both in the 
present study and by Greipsson & Davy (1997). 
Fertilizer inputs are also important to promote 
seedling growth to accomplish one of the main 
purposes of lyme grass employment, i.e. to trap 
drifting sand. One further measure of lyme grass 
management success is the onset of flowering 
and the flowering rate. Greipsson and Davy 
(1997) could induce flowering in the 4th summer 
after sowing, three years earlier than it occurred 
at the inland site in the present study, by applying 
large annual N and P inputs (10.4 g N and 5.6 g P 
m-2 y-1). This N fertilizer rate was more than twice 
that used in the present study, demonstrating 
the potential impact of fertilization. Greipsson 
and Davy (1997) also found that the rate of 

flowering and seed production was strongly 
dependent on N inputs. In the present study the 
onset and rate of flowering was not influenced 
by AMF inoculation treatments but was clearly 
controlled by fertilizer inputs at the inland site. 
It is not known why the lyme grass plants at 
the coastal site failed to flower during the study 
period. Presumably, more fertilizer inputs were 
needed to initiate flower formation because of 
greater nutrient losses through leaching from 
the higher rainfall at this site. A stronger positive 
growth response to re-fertilization also suggests 
a greater need for fertilization at the coastal site.

Fertilization and AMF inoculation initially 
benefitted growth of associate plant species in 
the present study. However, the rapid buildup of 
sand deposits caused a decline in all plants other 
than lyme grass. This was clearly indicated by 
the principal component analysis which showed 
that the dissimilarity between sand accretion and 
associate vegetation was greatest of all variables 
in the 11th summer. Lyme grass seedlings can 
emerge from buried seeds from up to 15-20 
cm depth and mature lyme grass tolerates even 
greater burial in sand (Greipsson & Davy 1996).

Larger seed doses in the present study 
initially appeared to raise inter- and intraspecific 
competition, as indicated by a reduced rate 
of lyme grass vegetative reproduction and 
reduced growth of associate vegetation at high 
lyme grass seedling density. It is also likely 
that the higher AMF colonization observed at 
a high seed rate was a response to increased 
competition between lyme grass plants, as 
mycorrhizal plants are less affected by density 
than non-mycorrhizal plants of the same species 
(Hartnett et al. 1993). 

Two of the associated plant species in the 
study, A. stolonifera and F. richardsonii, are 
AM plants (Greipsson & El-Mayas 1999, 
Akhmetzhanova et al. 2012). These plant 
species were a potential source of mycorrhizal 
propagules in the experiment and may explain 
why lyme grass plants in un-inoculated plots 
were colonized by AMF. Although AMF 
propagules are normally infrequent at un-
vegetated sandy sites, propagules are spread 
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from vegetated areas by wind, water and soil, 
and burrowing animals (Koske & Gemma 1990, 
Fracchia et al. 2011) and gradually multiply 
under newly established vegetation patches 
(Greipsson et al. 2002, Koske & Gemma 1997).

The present study employed the same isolate 
mixture as used by Enkhtuya et al. (2003) 
in which two of the isolates, G. hoi and G. 
claroideum, originated from lyme grass dunes 
in Iceland. Greipsson and El-Mayas (2000) 
also used native AMF from lyme grass dunes in 
Iceland in a pot study and found that these were 
better at enhancing lyme grass early growth than 
commercial AMF inoculum. Other studies have 
commonly indicated that the use of indigenous 
AMF isolates for inoculation may be more 
advantageous for plant growth than the use of 
exotic AMF isolates (e.g. Requena et al. 2001, 
Pellegrino et al. 2011).

Klironomos (2003) found that indigenous 
AMF/plant interactions were more variable 
than plant responses to exotic AMF. This means 
that the use of native AMF isolates provides 
a greater chance of finding more beneficial 
isolates among selection indigenous fungi than 
among exotic fungi. Plant/AMF interactions 
can also be dependent on ecotypic variation of 
both partners (Al Agely & Sylvia 2008, Emery 
& Rudgers 2011) which calls for a coordinated 
selection of AMF and plant material for 
ecosystem rehabilitation.

Lyme grass mutualistic responses to AMF 
inoculation in the 1st summer may reflect 
improved nutrient uptake efficiency among 
young mycorrhizal seedlings. These benefits 
for early seedling growth are similar to those 
previously reported for lyme grass in a short 
term field study (Enkhtuya et al. 2003). 
However, commensal and parasitic responses of 
AMF inoculated plants, initiating in the second 
summer, show that the AMF treatments failed to 
provide continued plant benefits. 

A parasitic plant growth response indicates 
that the cost of energy from photosynthates 
allocated to the root associations, which may be 
around 4-20% higher for mycorrhizal plants than 
for un-colonized plants (Smith & Read 2008 
and references therein), exceeds the benefits 

provided by the fungi (Johnson et al. 1997). 
Such responses are common in AMF inoculation 
trials (Hoeksema et al. 2010, Johnson et al. 
1979 and references therein, Klironomos 2003). 
One of the probable reasons for this is that AM 
fungi can improve plant growth in P limited 
but not N limited systems, and N limitation can 
induce commensal or parasitic plant responses 
(Johnson et al. 2015). The underlying cause 
why lyme grass seedlings in sandy deserts are 
normally not colonized by AMF for the first few 
years (Greipsson et al. 2002) might therefore be 
an adaption to N limitation, where AMF cannot 
improve plant growth (Johnson et al. 2015).

Lyme grass has a particularly fibrous root 
system and long root hairs which may further 
signify the importance of a non-mycorrhizal 
mode for nutrient uptake (Baon et al. 1994, 
Bates & Lynch 2001, Reinhardt & Miller 1990, 
Schweiger et al. 1995). With time, lyme grass 
dunes slowly accumulate N from the surrounding 
area with an extensive root system (Leblans 
et al. 2014, Stefansdottir et al. 2014). The 
buildup of N within the dunes originating from 
atmospheric deposition averages 0.66 g N m-2 y-1

(Stefansdottir et al. 2014) but within seagull 
colonies the rate of N buildup within lyme grass 
is much faster or 4.7 g N m-2 y-1 (Leblans et al. 
2014). Gradually, therefore, lyme grass probably 
changes from being predominantly N limited 
to being largely P limited. This change may 
coincide with the increase in AMF colonization 
of lyme grass roots during the onset of flowering, 
which occurs around 6-10 years after artificial 
lyme grass seedling establishment (Greipsson 
et al. 2002). This may also explain some of the 
intricate interactions between AMF inoculation 
and fertilizers observed in the present study, 
such as an occasional positive response in AMF 
colonization due to re-fertilization and possibly 
also, the initial synergistic interaction between 
AMF inoculation and fertilization. Increasing 
N fertilization, though, usually has negative 
effects on plant responses to AMF inoculation 
and generally reduces AMF colonization as 
well as occurrences of arbuscules and vesicles 
(Hoeksema et al. 2010), as seen in the present 
study.
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Based on the above information, further 
work on this topic should focus on improving 
and testing local AMF inocula in combination 
with moderate N and P amendments to create 
persisting conditions of P rather than N 
limitation. To achieve this, various types of slow 
release inorganic or organic fertilizers could be 
applied. The use of nitrogen fixing plants for 
this purpose could also be relevant.

In conclusion, the present results suggest that 
a more efficient use of resources for lyme grass 
seedling establishment could prove practical, 
involving low seed inputs (≤50 viable seeds 
m-2) in combination with low initial fertilization 
dose (≤10 g m-2). While repeated fertilization 
applications are clearly more effective than 
a large initial fertilizer dose, experiments are 
needed to fine tune seed and fertilizer inputs. 
Based on the current information, however, 
the application of AMF inoculation cannot be 
recommended for lyme grass establishment at 
un-vegetated sandy areas at present. Further 
knowledge on the responses of early successional 
plant species to management inputs and the 
role of microbial root associations under desert 
conditions is necessary for a continued progress 
of ecosystem rehabilitation methodology.
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